The neonatal Fc receptor (FcRn) transports maternal IgG across epithelial barriers 1, 2 , thereby providing the fetus or newborn with humoral immunity before its immune system is fully functional. In newborn rats, FcRn transfers IgG from milk to blood by apicalto-basolateral transcytosis across intestinal epithelial cells. The pH difference between the apical (pH 6.0-6.5) and basolateral (pH 7.4) sides of intestinal epithelial cells facilitates the efficient unidirectional transport of IgG, because FcRn binds IgG at pH 6.0-6.5 but not at pH 7 or more 1, 2 . As milk passes through the neonatal intestine, maternal IgG is removed by FcRn-expressing cells in the proximal small intestine (duodenum and jejunum); remaining proteins are absorbed and degraded by FcRn-negative cells in the distal small intestine (ileum) [3] [4] [5] [6] . Here we use electron tomography to make jejunal transcytosis visible directly in space and time, developing new labelling and detection methods to map individual nanogold-labelled Fc within transport vesicles 7 and simultaneously to characterize these vesicles by immunolabelling. Combining electron tomography with a nonperturbing endocytic label allowed us to conclusively identify receptor-bound ligands, resolve interconnecting vesicles, determine whether a vesicle was microtubule-associated, and accurately trace FcRn-mediated transport of IgG. Our results present a complex picture in which Fc moves through networks of entangled tubular and irregular vesicles, only some of which are microtubule-associated, as it migrates to the basolateral surface. New features of transcytosis are elucidated, including transport involving multivesicular body inner vesicles/tubules and exocytosis through clathrin-coated pits. Markers for early, late and recycling endosomes each labelled vesicles in different and overlapping morphological classes, revealing spatial complexity in endo-lysosomal trafficking.
To prevent ligand misdirection caused by a bulky label, we covalently attached small (1.4-nm) Nanogold to IgG-Fc (Au-Fc) at a site distant from where FcRn binds 7 . To avoid attaching more than 1 ligand per gold particle, which could erroneously prolong release through avidity, we used monofunctional Nanogold and purified Au-Fc by sizing and FcRn-affinity chromatography 7 . For steady-state experiments, Au-Fc was fed to neonatal rats, rather than incubated with excised intestines, which causes morphological changes 5 . The concentration of ingested Au-Fc was roughly equal to IgG in rat milk, because the higher concentrations used previously 5 saturated FcRn, resulting in degradation of excess IgG 8 . Intestinal samples were prepared for electron tomography by high-pressure freezing, freeze-substitution fixation (HPF/FSF), the most accurate method for preserving dynamic trafficking events and ultrastructure 9 , and we developed methods to enlarge endocytosed Nanogold during FSF 7, 10 .
Internal controls verified that enlarged gold accurately marked transported Au-Fc: first, gold was in physiologically relevant locations (apical surface, tubulovesicular compartments in proximal cells, and inside degradative compartments in distal cells), but not in nuclei, mitochondria, the ER or Golgi (Figs 1-5 and Supplementary Figs 1-7) ; second, at least 98% of particles in proximal cells were 6-7 nm from a membrane (Supplementary Table 1) , which is consistent with Au-Fc bound to FcRn; and third, Au-Fc, but not Au-dextran, was enhanced in proximal (FcRn-positive) cells, whereas both were enhanced in distal (FcRn-negative) cells, reflecting receptor-mediated and fluid-phase uptake in the proximal and distal intestines, respectively ( Fig. 1a and Supplementary Fig. 7 ).
More than 50 tomograms, each about 1.8 mm
3
, were recorded from jejunal cells from Au-Fc-fed neonatal rats (steady-state experiments; Supplementary Table 1) . For kinetic analysis, ligated intestinal lumens were incubated with Au-Fc (more than 50 pulse or pulsechase tomograms or projections; Supplementary Table 3) . We defined three jejunal cell regions (Fig. 1b) , namely region 1, consisting of the microvilli and terminal web 11 ; region 2, between the terminal web and nucleus; and region 3, the lateral intercellular space (LIS) (basolateral membrane) and nearby cytoplasmic regions ( Supplementary Figs 3 and 4) . Region 3 was considered separately from region 2 because vesicles near the LIS participate in exocytosis/ endocytosis. Within these regions, we classified gold-containing features into categories (Supplementary Table 1 and Supplementary Fig.  8 ): clathrin-coated pits at the apical/basolateral membranes, regular ,60 nm diameter tubular vesicles (RTVs-uniform diameters; variable lengths), coated buds/tips on RTVs, coated and uncoated spherical vesicles, irregular .70 nm diameter tubular vesicles (ITVsvariable diameters and lengths), irregular non-tubular vesicles (INTVs), coated/uncoated bulbs in ITVs/INTVs, multivesicular bodies (MVBs), and MVB inner vesicles, protrusions and tubules. Compartments that contained enlarged Au-Fc were further characterized by immunolabelling with antibodies against early (EEA1 and Rab5), late (Rab7 and Rab9) and recycling (Rab11) endosomes 12 . RTVs labelled with EEA1 and Rab5, MVBs with Rab5, and ITVs and INTVs with all five markers, although mainly Rab5, Rab9 and Rab11 (Fig. 1h, i, Supplementary Fig. 9 and Supplementary Table 2) . These results demonstrated the morphological complexity of the endo-lysosomal system, revealing that 'early', 'late' and 'recycling' endosomes, as defined by their expression of markers, do not represent single categories of vesicles.
In region 1 we found Au-Fc on microvillar surfaces (suggesting receptor-mediated uptake at acidic pH), and in 60-120-nm clathrincoated pits (Fig. 1c-g, Supplementary Fig. 8 and Supplementary Movie 1). Most Au-Fc endocytosis involved coated pits at the base of microvilli; many were proximal to gold-containing RTVs (Fig. 1c Gold-containing spherical coated vesicles (Fig. 2c) were found throughout this region; their diameter of about 60 nm ( Supplementary Fig. 8 ) suggested derivation from 60-nm coated tips/buds of RTVs (Fig. 2d) , as found for transferrin receptor/transferrin trafficking 13 . Irregularly shaped vesicles, both non-tubular (INTVs) (Fig. 3a-c) and tubular (ITVs) (Figs 2e and 3d) , also included gold. Similarly to RTVs, Au-Fc reached ITVs and INTVs within 5-7 min, but unlike RTVs, ITVs/INTVs were rarely in region 1, suggesting that they were populated after region 1 RTVs. Some Fig. 8 ). ITVs were often intertwined with INTVs and MVBs but not with RTVs (Figs 2f-h and 3e, Supplementary Fig. 11 and Supplementary Movies 2-4). Some gold-containing tubular vesicles were aligned with microtubules (Fig. 2b , f, and Supplementary Movies 2-4), suggesting microtubule-based motor movement, which is consistent with the disruption of FcRn-mediated transport by nocodazole 14 . Au-Fc appeared in MVBs in region 2 within 5 min of uptake and throughout a 25-min chase (Supplementary Table 3) , always attached to a membrane (Fig. 4 and Supplementary Movies 4 and 5), suggesting binding to FcRn. In contrast, in the ileum, where IgG is degraded 5 , gold was randomly distributed in MVB-like vesicles (Supplementary Fig. 2d, e) . Jejunal MVBs appeared as predominantly Rab5-positive 0.3-1.2-mm spherical vesicles, sometimes associated with microtubules, which contained small (40-90 nm) inner vesicles (Figs 1h, i and 4, Supplementary Fig. 8 and Supplementary Table 2 ). As observed in dendritic and B cells 15 , jejunal MVB inner vesicles were detached, not invaginating tubules open to cytoplasm (Supplementary Movies 4 and 5). Au-Fc was associated with the inner surface of the main MVB membrane and the outer surfaces of inner vesicles. Fusion of an FcRn-Fc-containing vesicle with an MVB accounted for the former; formation of an inner vesicle from a gold-associated membrane accounted for the latter. Accordingly, we observed invaginations and protrusions in the main membranes of MVBs (Fig. 4d) .
Some jejunal MVBs contained tubular protrusions 50-130 nm in diameter ( Supplementary Fig. 8 ), often resembling ITVs. Gold was found along the length and tips of these tubules, suggesting a reorganization of jejunal MVBs similar to that seen in dendritic cells when vesicles derived from MVB tubule tips carry peptide-MHC class II complexes to the cell surface 16 . A similar role for MVBs and Fig. 8 ) at a lower density and larger size than observed. Numbers beside schematic vesicles refer to endosomal markers (1, EEA1; 5, Rab5; 7, Rab7; 9, Rab9; 11, Rab11); the font size reflects relative amounts of label in each type of compartment (see Fig. 1i ). Scale bars, 200 nm (a, c-g); 50 nm (b).
their protrusions in Au-Fc transcytosis implies that MVBs serve primarily transport, not degradative, processes during FcRnmediated transport across the intestine. In support of this notion, jejunal MVBs exhibited hallmarks of early endosomes: they contained relatively few internal vesicles 17 ( Fig. 4) and labelled with markers for early and recycling, but not late, endosomes (Fig. 1h, i , and Supplementary Table 2) .
Region 3 was distinguished from regions 1 and 2 by the presence of fewer tubular vesicles (Fig. 5a) , more irregular vesicles, and an abundance of clathrin ( Supplementary Fig. 11d and Supplementary Movie 6). Apical to the nucleus, Au-Fc was in ITVs, INTVs, 70-140-nm spherical vesicles, and coated pits within the LIS membrane. FcRn-mediated transcytosis of Au-Fc was demonstrated by extracellular gold in narrow regions and pockets of the LIS (Fig. 5a and Supplementary Movies 6-8) (accounting for about 10% of Au-Fc; Supplementary Table 1 ) and below the cell (Supplementary Figs 1f  and 6 ). The first Au-Fc reached the LIS about 10 min after uptake, with most appearing after 15-30 min (Supplementary Table 3) . Extracellular Au-Fc and intracellular gold-containing vesicles were largely apical to the nucleus.
Clathrin was found coating gold-containing vesicles, bulbs and pits, and free in the cytosol (Supplementary Movies 6 and 7). In chemically fixed samples, clathrin triskelions clearly formed the characteristic polygonal lattice (Supplementary Movie 6) containing mostly hexagons with occasional pentagons and heptagons (Fig. 5b) . If, as is commonly assumed, clathrin coats are shed before vesicle fusion [18] [19] [20] [21] , gold-containing coated pits at the basolateral membrane would represent snapshots of endocytosis, which cannot normally be distinguished from exocytosis by EM. However, FcRn-mediated IgG transcytosis across the neonatal intestine is one of the few systems in which receptor-mediated reuptake of exocytosed ligands is strongly disfavoured: the neutral or basic pH at the basolateral surface should not allow large-scale FcRn-mediated endocytosis of Au-Fc, which was present at a concentration that would not allow binding to FcRn at pH $ 7 (Supplementary Discussion). The simplest interpretation of the gold-containing coated pits at the LIS membrane is that most or all are partially uncoated vesicles undergoing exocytosis. In support of this, we found at least 100 gold-containing coated pits in the basolateral membrane (Supplementary Table 1 ) but saw no definitive examples of gold in an uncoated pit. Thus, if these coated pits were not exocytosing, we did not observe any obvious exocytic events even though we found released Au-Fc in the extracellular space. Partially uncoated vesicles, which could accumulate during the slow, steadystate uncoating occurring after an initial burst of uncoating 22 , might allow their uncoated portion to fuse with the basolateral membrane.
The existence of partly fused and partly coated vesicles is compatible with either 'kiss and run' 23 or 'prolonged release' 24 exocytosis, in which a transient pore opens to release the vesicle's contents. However, FcRn-mediated exocytosis cannot completely conform to the 'kiss and run' release of small molecules from 0.3-3.5-nm pores 25 , because IgG and Fc dimensions approach 10 nm. Accordingly, goldcontaining clathrin-coated pits in the LIS membrane were 90-150 nm, typically larger than their apical counterparts (60-120 nm), where mainly endocytosis is expected (Figs 1 and 5 , and Supplementary Fig. 8 ).
As occurs in other exocytosis systems 26 , clathrin-mediated endocytosis at the basolateral surface probably retrieves FcRn and the original vesicle after the release of IgG. We therefore propose that clathrin is maintained on membrane invaginations undergoing exocytosis to facilitate receptor recovery so that FcRn can contribute to another round of apical-to-basolateral transcytosis. This may be a specialized adaptation of neonatal jejunal cells for their primary function-IgG transport 5 . Indeed, clathrin levels near the LIS were unusually high in neonatal jejunal cells (Supplementary Movie 6) but become noticeably lower after weaning 5 . Further studies will be required to address definitively whether partly uncoated vesicles can fuse and, if so, whether unique features (for example, specialized machinery and/or low levels of vesicle-uncoating enzymes) facilitate this type of fusion in neonatal jejunal cells.
Steady-state and kinetic experiments revealed parallel transport pathways as summarized in Fig. 5h . In initial steps, Au-Fc enters jejunal cells in apical coated pits, and derived coated vesicles probably fuse, presumably after uncoating, with apical RTVs and/or with irregular vesicles. Coated buds on RTVs could serve as exit points, pinching off to shuttle Au-Fc to MVBs, ITVs and INTVs in regions 2 and 3. Au-Fc in clathrin-rich cytoplasmic regions near the LIS then transits through clathrin-coated spherical or irregular vesicles before exocytosis from a coated pit, which could be endocytosed to recycle FcRn. As a general feature, most potential transport vesicles contained a few labelled Fc molecules instead of a seemingly more efficient system in which a specialized subset of vesicles containing many labelled Fc molecules moved purposefully (for example, along microtubule tracks) to the basolateral membrane. Rather, most gold-containing vesicles were not visibly associated with microtubules, and vesicle-associated microtubules were not arranged in any particular direction.
Vesicle morphologies and intracellular contexts were compatible with kinetic data. First, RTVs, early endosomes containing about 20% of Au-Fc (Supplementary Table 1 ), were mainly in regions 1 and 2 and were not entangled with ITVs or INTVs. RTVs probably move FcRn-Fc complexes by microtubule-based travel or by releasing vesicles derived from roughly 60-nm coated buds. Both ITVs and INTVs usually had larger (70-80-nm) coated bulbs, as well as still larger uncoated bulbs, and these vesicles formed intertwined networks near the LIS with MVB tubules and each other (Fig. 3e) . ITVs and INTVs accounted for about 34% of Au-Fc (Supplementary Table 1 ), suggesting an important role for irregular vesicles in FcRn-mediated transcytosis. Morphological similarities suggested that MVB tubules were related to ITVs (perhaps as precursors) and that ITV/INTV bulbs were related to basolateral coated pits, which were generally larger than their apical counterparts, suggesting a functional difference consistent with involvement in basolateral exocytosis.
Common steps between FcRn-mediated transcytosis and other intracellular trafficking include transit through acidic vesicles, exocytosis, and ligand release. Thus, our studies of FcRn transcytosis in epithelial cells are also relevant to understanding the role of FcRn in protecting IgG from degradation in endothelial cells 27 and other intracellular trafficking systems.
METHODS SUMMARY
Uptake of Au-Fc and Au-dextran. Monomaleimido-Nanogold (1.4 nm) was attached to one or more reduced cysteine residues in the rat Fc hinge, and sulpho-N-hydroxysuccinimido (sulpho-NHS)-Nanogold was attached to dextran primary amines as described 7 . Labelled molecules were purified by FcRn affinity chromatography and/or gel-filtration chromatography. For steady-state and immunolabelling experiments, 11-13-day-old suckling rats were fed with three 100-ml doses of Au-Fc or Au-dextran (about 3 mM), after which the small intestine was harvested for chemical or cryofixation. For kinetic experiments, ligated intestines were incubated with 3 mM Au-Fc (pulse experiments), followed by unlabelled Fc or IgG (pulse-chase experiments). Gold enlargement procedures. Intestinal segments were chemically fixed, treated with GoldEnhance-EM 2113 (Nanoprobes, Inc.) and fixed/stained with OsO 4 and uranyl acetate as described 7 . Traditional pre-embedding enhancement protocols are incompatible with FSF, therefore we developed the methods for enlarging small gold clusters in the cold organic solvents used during FSF 7, 10 . After HPF of intestinal segments, we used a three-step enlarging protocol involving silver enhancement to enlarge (to at most 8 nm) the Nanogold slightly 10 ; coating the silver shell with gold to make it impervious to osmium; and enlargement to 10-16 nm by using gold enhancement 7 . Samples were then treated with OsO 4 and uranyl acetate and warmed to room temperature (about 22 uC). Microscopy and three-dimensional modelling. HPF/FSF or chemically fixed samples were infiltrated with resin, polymerized, cut into 120-200-nm sections and examined with an FEI T12 transmission electron microscope operating at 120 kV. For tomography, dual-axis tilt series were collected at 36,500 from 120-200-nm sections at 700 nm underfocus. Tomograms were computed for each tilt axis by using enlarged golds as alignment markers, and then aligned and NATURE | Vol 455 | 25 September 2008 LETTERS combined to form a dual-axis tomogram using IMOD 28 . Unless otherwise indicated, tomographic slices were 1.6 nm thick. Tomographic reconstructions were interpreted and modelled by manual segmentation with IMOD 28 . Immunolabelling. Immunolabelling was performed on gold-enhanced intestinal samples with a modification of the Tokuyasu method for immunolabelling cryosections 29 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
METHODS
Uptake of gold-labelled ligands in neonatal rats. The preparation and characterization of gold-labelled Fc (Au-Fc) was described previously 7 . In brief, the hinge region of purified, reduced recombinant rat IgG2a Fc fragment (rFc) was labelled with 1.4-nm monomaleimido Nanogold (Nanoprobes, Inc.), which reacts specifically with reduced thiols, following the manufacturer's protocol for labelling IgG. Au-Fc was purified by gel-filtration and FcRn-affinity chromatography 7, 30 . Red fluorescent dextran, a marker for fluid-phase uptake, was labelled with sulfo-NHS Nanogold (Nanoprobes, Inc.), which reacts with primary amines. sulfo-NHS Nanogold (30 nmol) was dissolved in 1.0 ml of deionized water, then added immediately to 0.3 mg of Texas Red Dextran (10 kDa) (Molecular Probes) and incubated for 2 h at room temperature. The reaction mixture was concentrated, then run over a Superdex S75 gel filtration column in 0.1 M NaPO 4 pH 7.5, 150 mM NaCl. Au-dextran was isolated as the slowest migrating red peak.
Sprague Dawley suckling rats 11-13 days old were fasted for about 3 h, and then fed with 100 ml of 2-3-mM Au-Fc or Au-dextran at time zero, then twice more at 40-60-min intervals as described 7 . After 90-150 min, a 4-5-cm segment of proximal small intestine, starting about 2 cm from the pylorus, and a 4-5-cm segment of the distal small intestine (ileum), located about 2 cm from the ileocecal valve, were removed for chemical fixation or HPF. Kinetic experiments. Because it would be difficult, if not impossible, to synchronize the uptake of an ingested ligand in a live animal, we incubated ligated neonatal rat intestines with Au-Fc for fixed durations. For these experiments, 9-13-day-old rats were anaesthetized with 1-5% isoflurane, and an incision was made to expose the intestine. The proximal segment of the intestine was ligated with thread and then injected with 125-200 ml of 3 mM Au-Fc in 20 mM NaPO 4 pH 6.0. After incubation with Au-Fc for the indicated duration, the ligated intestine was either dissected and high-pressure frozen (pulse experiments) or washed with 2-5 volumes of 100 mM NaPO 4 pH 6.0, 2 mM CaCl 2 , 1 mM MgCl 2 , 0.5 mM MgSO 4 for further chase experiments. For some chase experiments, 200 ml of 5 mM unlabelled rFc was injected after the wash in pH 6.0 buffer and allowed to incubate for the additional durations indicated (Supplementary Table  3 ) before harvest and HPF. For other chase experiments, 125 ml of 300 mM human IgG (hIgG) was injected directly after the 5-min uptake period. The latest time point examined was 30 min after the initial incubation, in accordance with previous studies demonstrating that ingested IgG could reach the circulation of neonatal rats in 30 min (ref. 31) . For experiments involving the processing of multiple segments, the labelling and chase times are listed as a range in Supplementary Table 3 to account for the time it took to harvest and freeze individual samples. Gold enlargement techniques. The 1.4 nm Nanogold clusters were too small to be seen in tomograms recorded at the magnifications required to reconstruct an informative portion of a cell 7 . We therefore used enhancement techniques to enlarge the clusters. For chemically fixed samples, we used a modification of traditional gold enhancement techniques 32 that resulted in lower background and reduced auto-nucleation 7 . Chemical fixation, gold enhancement with GoldEnhance-EM 2113 (Nanoprobes, Inc.) and fixation/staining with OsO 4 and uranyl acetate were performed as described 7 . Traditional pre-embedding enhancement protocols to enlarge Nanogold are not compatible with FSF; we therefore developed the first reported enhancement methods for enlarging small gold clusters in the cold organic solvents used during FSF 7, 10 . Intestinal segments were rapidly frozen with a Bal-Tec HPM 010 High Pressure Freezer (Bal-Tec AG) as described 7 . To avoid background resulting from spontaneous auto-nucleation, we used a three-step enlarging protocol in which silver enhancement was used to enlarge the Nanogold slightly (to not more than 8 nm; ref. 10); the silver shell was coated with gold to make it impervious to osmium; and particles were further enlarged to 10-16 nm by using gold enhancement 7 . After enhancement, samples were treated with OsO 4 and uranyl acetate and warmed to room temperature as described 7 . EM images of enhanced chemically fixed and HPF/FSF samples from Au-Fcfed and control rats confirmed specific enhancement of Au-Fc with negligible background 7 ( Fig. 1a and Supplementary Figs 1 and 7) . The fact that gold particles of similar sizes were observed at all levels in the sections demonstrated that all particles were enlarged at about the same rate and that the tissue was completely penetrated by the enhancement procedure. Microscopy and three-dimensional reconstructions. HPF/FSF or chemically fixed intestinal samples were infiltrated with resin, polymerized and sectioned 7, 33 . Selected regions of 70-200-nm sections were examined with an FEI T12 transmission electron microscope operating at 120 kV, and projection images were recorded on a Gatan 894 2k 3 2k charge-coupled device camera (Gatan Corporation). For tomography, 120-200-nm sections were coated on both sides with about 5 nm of evaporated carbon and images were recorded at 700 nm underfocus. Tilt series were digitally recorded at 36,500 (1.573 nm per pixel) using the microscope control program SerialEM 34 . Dual-axis tilt series (670u, 1.0u angular increments about each axis) were obtained with a high-tilt specimen holder (FEI) by removing the sample, rotating the grid through about 90u, and then reinserting the sample and collecting a second tilt series. Samples were preirradiated with about 10 5 electrons nm 22 to stabilize them before collecting images, and the cumulative electron dose during imaging was another roughly 10 5 electrons nm 22 . Tomograms were computed for each tilt axis using the enlarged gold particles as alignment markers; they were then aligned to each other and combined to form a dual-axis tomogram with the IMOD software package 28, 35 . Tomographic slices shown in all figures are 1.6 nm thick unless otherwise indicated. For pulse and pulse-chase experiments, two-dimensional projections from thin sections (120 nm) were recorded on film with a Philips CM10 100-kV microscope. Three-dimensional modelling. Tomographic reconstructions were interpreted and modelled with IMOD 28, 35 . Tubular vesicles, microtubules and other organelles were segmented manually in tomograms from enhanced samples by tracing the portion of each object visible in single tomographic slices as described 36 . For clarity in some of the figures of three-dimensional scenes, the bottom and tops of a few vesicles were capped by adding several estimated contours.
Clathrin coats on vesicles and coated pits were easily identified in chemically fixed samples by the characteristic polygonal clathrin lattice (Supplementary Movie 6). Although the fixation and staining procedures required for gold enlargement in HPF/FSF samples did not preserve polygonal clathrin lattices, the spiky appearance of the membranes in equatorial sections allowed coated and uncoated pits and vesicles to be distinguished (Supplementary Movie 7) . Immunolabelling. Immunolabelling was performed on gold-enhanced intestinal samples with a modification of the Tokuyasu method for immunolabelling cryosections 37 . Jejunal samples were prepared from Au-Fc-fed neonatal rats as described
